Foreign DNA was inserted into unique restriction endonuclease cleavage sites (Sma I or Not I) of the 200,000-base-pair vaccinia virus genome by direct molecular cloning. The modified vaccinia virus DNA was packed in fowlpox virus-infected avian cells, and chimeric vaccinia virus was isolated from mammalian cells not supporting the growth of the fowlpox helper virus. In contrast to the classical "in vivo" recombination technique, chimeric viruses with inserts in both possible orientations and families of chimeras with multiple inserts were obtained. The different genomic configurations of chimeric viruses provide a broader basis for screening of optimal viruses. In addition to p aging in avian cells, a second packaging procedure for vaccinia DNA, based on the abortive infection of mammalian cells with the fowlpox helper virus, was developed. This procedure permits simultaneous packaging and host-range selection for the packaged virus. The cloning/packaging procedure allows the direct insertion of foreign DNA without the need for plasmids having flanking regions homologous to viral nonessential regions and is independent of inefficient in vivo recombination events. By direct cloning and packaging, about 5-10% of the total vaccinia virus yield consisted of chimeras. The procedure is, therefore, a useful tool in molecular virology.
ABSTRACT
Foreign DNA was inserted into unique restriction endonuclease cleavage sites (Sma I or Not I) of the 200,000-base-pair vaccinia virus genome by direct molecular cloning. The modified vaccinia virus DNA was packed in fowlpox virus-infected avian cells, and chimeric vaccinia virus was isolated from mammalian cells not supporting the growth of the fowlpox helper virus. In contrast to the classical "in vivo" recombination technique, chimeric viruses with inserts in both possible orientations and families of chimeras with multiple inserts were obtained. The different genomic configurations of chimeric viruses provide a broader basis for screening of optimal viruses. In addition to p aging in avian cells, a second packaging procedure for vaccinia DNA, based on the abortive infection of mammalian cells with the fowlpox helper virus, was developed. This procedure permits simultaneous packaging and host-range selection for the packaged virus. The cloning/packaging procedure allows the direct insertion of foreign DNA without the need for plasmids having flanking regions homologous to viral nonessential regions and is independent of inefficient in vivo recombination events. By direct cloning and packaging, about 5-10% of the total vaccinia virus yield consisted of chimeras. The procedure is, therefore, a useful tool in molecular virology.
Vaccinia virus is one of the largest animal viruses, with a genome consisting of a single linear double-stranded DNA molecule of about 200,000 base pairs. Replication and transcription occur in the cytoplasm of the host cell (1, 2) . Recombinant poxviruses are therefore constructed by "in vivo" recombination techniques involving transfection of appropriate plasmids into virus-infected cells (3, 4) . With the classical method, however, usually only one copy of the foreign gene is inserted into the viral genome in one defined orientation. Since position and gene dosage effects influence transcription levels (5), a method that would lead to the integration of the foreign genes in different genomic configurations is desirable. Chimeric viruses were therefore constructed by direct molecular cloning and, because naked viral DNA is noninfectious when transfected into permissive cells, by in vivo packaging.
Previous studies showed that it was possible to reactivate denatured poxviruses by homologous or heterologous pox helper viruses (6) (7) (8) (9) . This phenomenon, reported decades ago, was observed following coinfections with heatinactivated myxoma virus and viable fibroma virus (6) . Treatment of viral suspensions with agents destroying the viral core structure was found to prevent reactivation-i.e., the reactivation phenomenon was dependent on intact viral substructures and could not be achieved with naked viral DNA. In later studies, however, in vivo packaging of orthopoxvirus DNA by viable orthopox helper virus (homologous packaging) was demonstrated (10) . (12) . CEFs were prepared from 12-day chicken embryos. The cells were grown in tissue culture medium 199 (GIBCO/BRL) supplemented with 5% fetal bovine serum, glutamine, and antibiotics.
Cloning of Genomic Vaccinia DNA. Cloning into the Sma I site. Viral DNA was prepared according to ref. 13 ; care was taken to avoid shear forces. Vaccinia DNA was cleaved with Sma I and purified by one phenol and three chloroform extractions. The integrity of the vaccinia vector arms was controlled by field-inversion gel electrophoresis (14) . Two micrograms ofthe cleaved virus DNA was ligated with 400 ng of the insert [the 1.1-kilobase (kb) Hpa I-Dra I fragment containing the gpt gene cassette excised from pTKgpt-Fls; Cloning into the Not I site. Vaccinia DNA (1 ug) was cleaved with Not I and further treated as described above. The insert, the 1.1-kb P7.5 gpt gene cassette flanked by Not I sites, was prepared from the plasmid pN2-gpta (see below). Ligation conditions were the same as described for the Abbreviations: CEF, chicken embryo fibroblast; pfu, plaqueforming unit(s). *To whom reprint requests should be addressed.
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F12-series plaques. Various amounts of insert were used (see Table 1 ).
Construction of the Plasmids. The plasmid pBluescript II SK(-) (Stratagene) was digested with HincII and ligated with Not I linkers (Pharmacia). The resulting plasmid, pN2, has a multiple cloning site (Not I, Xba I, Spe I, BamHI, Sma I, Pst I, EcoRP, EcoRV, HindIII, Cla I, and Not I) flanked by Not I sites. The 1.1-kb Hpa I-Dra I fragment (containing the gpt gene cassette; see above) was inserted into the Sma I site of pN2. The two resulting plasmids, with inserts in opposite orientations, were designated pN2-gpta and pN2-gptb.
Field-Inversion Gel Electrophoresis. The Sma I-or Not I-digested viral DNA was electrophoresed in a 1% agarose gel in 20 mM Tris/10 mM glacial acetic acid/0.5 mM EDTA, pH 8.0 with a microcomputer-controlled power supply (Consort model E790) in the cold room. To separate the whole range of fragments, four programs were run successively; in all programs, the voltage was set at 7 V/cm; the forward (F) and the reverse (R) pulse were followed by a pause (P) of 1 sec. The programs were as follows: 1 (15, 20) . Total DNA of infected CV-1 cells was digested with the restriction endonuclease HindIII and subjected to Southern blotting. A single hybridizing band of 45.4 kb was detected in four cases (Fig. 2, lanes 2, 4, 11, and 13) , confirming the insertion of one copy of the cassette into the viral genome in the b orientation (Fig. 3) . The a orientation shown by a single gpt-hybridizing fragment of 5.7 kb, was obtained in two cases (Fig. 2, lanes 7 and 12) . The patterns of three viral isolates were consistent with a tandem a configuration (Fig. 2, lanes  1, 6, and 10) ; in these cases fragments of 5.7 and 1.1 kb hybridizing with the gpt probe would be expected (Fig. 3) . One isolate had a tandem b structure as indicated by fragments of 45.4 and 1.1 kb hybridizing with the gpt probe (Fig.   2, lane 3) . This experiment demonstrated that the direct cloning approach resulted in a variety of genomic configurations of the chimeric viruses.
To further investigate the various genomic structures, the viruses F13.4 (a orientation), F12.5 (b orientation), F12.7 and F13.2 (tandem a orientation), and F12.4 (tandem b orientation) were plaque-purified under Gpt selection three times, amplified without selection, and grown to large scale. Viral DNA was prepared and subjected to Southern analysis. The HindIII patterns of the purified viruses were confirmed. In the single-insert viruses, extra bands of 5.7 and 5.2 kb (indicating the a and the b orientation, respectively) were present (Fig. 4, lanes 1 and 2) , and the 5.7-or the 45.4-kb fragment contained the hybridizing sequences (Fig. 5, lanes  1 and 2) . In the viruses with tandem insertions, the 5.7-and 1.1-kb fragments, indicating tandem a structure, and the 45.4-and 1.1-kb fragments, indicating tandem b structure, hybridized with the gpt probe (Fig. 5, lanes 3-5) , confirming their predicted Nco I patterns, the viruses with the tandem inserts had surprising structures. A single insertion into the 0.6-kb wild-type Nco I fragment, which contains the unique Sma I site, resulted in a new 1.7-kb fragment hybridizing with the gpt probe (Fig. 5, lanes 9 and 10) . The additional bands in the 9-to 15-kb size range were probably contaminants caused by small viral subpopulations generated by occasional internal recombination events of the 300-base-pair P7.5 promoter region of the inserted P7. 5 the corresponding promoter regions of the two endogenous 7.5-kDa-protein genes (21) . A tandem double insertion would result in a single 2.8-kb gpt-hybridizing Nco I fragment. The analysis of the tandem-insert viruses, however, revealed a ladder of gpt-hybridizing fragments starting with the 1.7-kb monomer up to 1O-mers and differing in increments of 1.1 kb (Fig. 5, lanes 11-13) . In summary, the Southern analysis of the purified viruses showed that both viruses with single' insertions in different orientations had the predicted genomes and that tandem insertions in either orientation gave rise to recombination events leading to multimerization of the inserted foreign genes. Vaccinia DNA Can Be Packaged in Mammalian Cells Abortively Infected with Fowipox Virus. It has been shown previously that fowlpox virus can also infect mammalian cells; however, the viral life cycle is not completed in these non-typic host cells. Depending on the cell type, viral growth stops in either the early or the late stage and viable fowlpox virus is not formed (22) . These findings prompted us to investigate packaging vaccinia DNA in a continuous mammalian cell line. Confluent monolayers of CV-1 cells were infected with fowlpox virus strain HP1.441 at 0.5 pfu per cell and then transfected with a ligation mixture consisting of Not I-cleaved vaccinia virus DNA and a gpt gene cassette having Not I flanking sites. The single Not I site in vaccinia virus is located in an intergenic region in the HindIll F fragment (19) . After incubation for 3 days, the cells were harvested and the crude viral stock was titered on CV-1 cells in the presence or absence of Gpt-selective medium. The outcome is summarized in Table 1 . The most important result was that fowlpox virus could package the modified vaccinia DNA in a cell type that prevents its own growth. Moreover, the yield ofchimeric plaques was in the range 5-10%. (22) . Heterologous packaging of vaccinia DNA in mammalian cells resulted in minimal cytopathic effects of the helper virus and resulted in about 10-fold higher Proc. Natl. Acad Sci. USA 89 (1992) yields of packaged virus compared with those obtained by heterologous packaging in avian cells. Transfection of modified genomic vaccinia DNA into fowlpox virus-infected mammalian (CV-1) cells is therefore the method of choice for in vivo packaging.
Avi-and orthopoxviruses do not cross-hybridize under standard conditions. Homologous recombination of the genomes of avi-and orthopoxvirus is therefore an improbable event and is unlikely to occur during heterologous packaging. The generation of chimeric vaccinia virus by molecular cloning and heterologous packaging is therefore independent of any recombination events between the in vitro modified DNA and the genome of the helper virus. In the chimeric vaccinia viruses described here, no novel acquired fowlpox virus-specific genes were detected. The cross-hybridization experiment does not exclude acquisition of fowlpox virus genes in general but does show that recombination of this kind is an infrequent event.
In summary, our approach allows the direct insertion of foreign DNA into vaccinia vectors without the need for plasmids having flanking regions homologous to viral nonessential regions. Chimeric viruses with different genomic structures have been identified that, in part, cannot be obtained by the classical method. The procedure will allow the cloning of very large DNA fragments without prior subcloning in bacteria and of fragments that, due to toxic effects, cannot be cloned in prokaryotic systems. The different genomic configurations of the chimeric viruses will provide a broader basis for screening of optimal viruses. Direct cloning of DNA fragments downstream of endogenous viral promoters may be useful for the generation of eukaryotic expression libraries. Direct cloning and packaging will also be applicable for the construction of chimeric poxviruses of other genera and should therefore be a powerful alternative to the classical in vivo recombination approach.
